[1] The patterns and drivers of phytoplankton primary productivity in the Santa Barbara Channel (SBC) were examined on 16 cruises conducted 3 times each year from 2001 to 2006. Empirical orthogonal function (EOF) analysis revealed 3 modes of variability that explained 89% of the variance in the productivity data set. The first mode, strongest during spring, describes seasonal productivity changes driven by coastal upwelling. The second mode, largest in spring and fall, describes productivity changes over the western SBC associated with cyclonic eddies. Eddy-enhanced productivity changes were superimposed on variable levels of channel-wide productivity caused by upwelling within the SBC. The cyclonic eddies influenced productivity through enhanced nutrient supply associated with the uplift of isopycnal surfaces and through the occasional entrainment of phytoplankton and nutrients from water upwelled north of Point Conception. The third EOF mode describes productivity gradients on the continental shelf along the mainland coast with enhanced productivity in the east during spring and fall. Overall, our analysis shows that coastal upwelling combined with the effects of cyclonic circulation on particle retention and vertical nutrient supply combine to enhance phytoplankton biomass and productivity in the western SBC.
Introduction
[2] The Santa Barbara Channel (SBC) is a region of enhanced phytoplankton biomass and primary productivity within the region from Point Conception to the border between the United States and Mexico known as the Southern California Bight [Mantyla et al., 1995] . The SBC is a 40 km wide by 100 km long area that is bounded to the north by the California mainland and to the south by the Northern Channel Islands (Figure 1a ). The western SBC encompasses a 600 m deep depression in the seafloor called the Santa Barbara Basin (Figure 1b) . Although the distribution of phytoplankton biomass in the SBC is complex, the long-term climatology of chlorophyll concentration derived from satellite ocean color ( Figure 1a ) reveals two distinctive features: (1) a maximum north of Santa Rosa Island and over the Santa Barbara Basin and (2) another maximum extending along the mainland coast in the eastern SBC where the continental shelf widens (Figure 1b ). In this paper we examine how these spatial patterns in phytoplankton biomass observed from space are related to underlying spatial and temporal patterns in phytoplankton primary productivity.
[3] Phytoplankton primary productivity (hereafter called productivity) in the SBC supports a productive pelagic ecosystem with large populations of fishes, seabirds and marine mammals [Beers, 1986; Fiedler et al., 1998 ]. This productivity also constitutes a subsidy to nearshore benthic and rocky reef communities [Miller et al., 2011] . In some areas of the SBC, near Coal Oil Point for example, the bottom slopes steeply (Figure 1b) such that processes occurring offshore can readily transport materials to and from shallow water ecosystems [Bassin et al., 2005; McPhee-Shaw et al., 2007; Fram et al., 2008] . In other areas, such as the eastern SBC, the bottom slopes gradually and any transport processes providing nearshore subsidies are less clear. Understanding the mechanisms driving productivity within the SBC may also help explain the increasing frequency of harmful algal blooms in the region since 2000 [Anderson et al., 2006 [Anderson et al., , 2008 [Anderson et al., , 2009 .
[4] The overall high levels of phytoplankton biomass in the SBC are consistent with upwelling-favorable regional wind patterns. Wind patterns driving upwelling within the SBC differ from those causing upwelling along most of the western coast of the United States owing to the transition of the coastline from a north-south orientation north of Point Conception to an east-west orientation east of Point Conception. Consequently, wind stress often has an offshore component with respect to the mainland coast that contributes to upwelling [Cudaback et al., 2005; Fewings et al., 2008] . Upwelling-favorable winds occur during all seasons, but in spring they are more persistent and more uniformly equatorward over the SBC [Oey et al., 2001; Dorman and Winant, 2000] . In fall there is a larger gradient in equatorward winds with weaker winds in the eastern channel. Following Harms and Winant [1998] , we define equatorward to be eastward for locations east of Point Conception or southward for locations north of Point Conception. Poleward is westward east of Point Conception and northward north of Point Conception. Upwelling-favorable winds are more persistent from Point Conception northward where they drive offshore Ekman transport from spring into fall [e.g., Harms and Winant, 1998; Dorman and Winant, 2000] . These temporal and spatial patterns of upwelling-favorable winds lead to strongly seasonal patterns of phytoplankton biomass and productivity within the SBC [Shipe and Brzezinski, 2003] with highest levels in early spring and occasional high levels in summer and fall [Shipe and Brzezinski, 2003] .
[5] The maximum in chlorophyll north of Santa Rosa Island and over the Santa Barbara Basin (Figure 1a ) coincides with the location of a recurring cyclonic flow; Harms and Winant [1998, Figure 10c ] depict this flow, and we discuss and show it below (see Figure 9b ). The cyclonic flow arises from a balance between poleward pressure gradient forces and equatorward wind stress, and is most prevalent during summer and fall [Dever et al., 1998; Harms and Winant, 1998; Winant et al., 2003] . The poleward pressure gradient forces result from lower sea level north of Point Conception that is driven by strong upwellingfavorable winds and higher sea level in the more sheltered Southern California Bight. They drive poleward currents along the mainland coast and are part of a general pattern of poleward flow in the Southern California Bight [Lynn and Simpson, 1987] . The other component of the cyclonic flow is equatorward currents along the northern Channel Islands that are driven by the equatorward wind stress. The cyclonic flow often closes to form eddies that typically last a few days, but occasionally persist for weeks [Nishimoto and Washburn, 2002] . Beckenbach and found that these eddies interact strongly with the Santa Barbara Basin. After forming, the eddies often propagate westward (b) Map of study area showing shoreline, bathymetry (first at 50 m, then at 100 m intervals from 100 m), track for towed vehicle surveys (solid line), location of conductivity-temperature-depth grid stations (numbered circles), and Plumes and Blooms stations (numbered pluses). Letters A-H designate crosschannel transects along the cruise track. Gray triangles indicate locations of high-frequency radars for measuring surface currents. Boxes and highlighted segments of the cruise track denote regions used in vorticity calculations as described in text.
out of the SBC [Beckenbach and Washburn, 2004; Harms and Winant, 1998 ].
[6] The role of eddies in driving phytoplankton rate processes and carbon cycling in the open ocean has been studied in mesoscale eddies off Hawaii [Benitez-Nelson et al., 2007] and in the Sargasso Sea [McGillicuddy et al., 2007 [McGillicuddy et al., , 1998 Siegel et al., 1999] . Open-ocean cyclones and mode water eddies influence productivity through isopycnal uplift during the spin-up phase of eddy formation that raises nutrient-rich deep waters into the lower euphotic zone stimulating productivity. Similar isopycnal uplift has been observed in cyclonic eddies in the western SBC [e.g., Nishimoto and Washburn, 2002] , but links to productivity have not been examined.
[7] A number of processes may explain the maximum in chlorophyll along the mainland coast in the eastern SBC (Figure 1a ). For example, Otero and Siegel [2004] speculate that it is caused by enhanced productivity arising from terrestrial runoff and sediment resuspension events. Rainfall and runoff are restricted mainly to winter when growth conditions for phytoplankton in the offshore regions of the SBC are generally poor. When runoff occurs under more favorable condition during late winter or early spring, elevated phytoplankton biomass has been observed offshore along the periphery of freshwater runoff plumes [Otero and Siegel, 2004] . Freshwater runoff occurs all along the mainland coast where numerous streams drain into the SBC, but inputs are greatest in the eastern SBC where the shelf broadens and where the two largest rivers in the region, the Santa Clara and Ventura Rivers, discharge into the SBC (Figure 1b) . In addition to terrestrial influences, internal tides may bring nutrients from offshore to the inner continental shelf. Lucas et al. [2011] suggest nutrients supplied by the internal tide drive productivity on the inner shelf in the Southern California Bight. These processes may be important along the mainland in the eastern SBC where wind-driven upwelling is typically weak.
[8] In this study we evaluate the patterns and drivers of spatial and temporal variability in productivity across the SBC as part of the Santa Barbara Coastal Long-Term Ecological Research (SBC-LTER) project. The dominant spatial and temporal patterns of productivity were accessed relative to physical processes in the SBC including wind-driven upwelling, eddy circulation, and freshwater runoff.
Methods

Seasonal Cruises
[9] Productivity and environmental conditions were assessed on 16 cruises from 2001 to 2006 in the SBC aboard the R/V Point Sur. Three cruises per year were timed to capture the extremes in the annual production cycle. Cruises during January through March (hereafter referred to as winter cruises) were timed to capture the winter low in productivity and the influence of terrestrial runoff from winter storms. Cruises during April and May (hereafter referred to as spring cruises) sampled the spring bloom period when upwelling-favorable winds are strongest and most persistent. Cruises during September and October (hereafter referred to as fall cruises) sampled the more stratified, oligotrophic fall period. Cruises were not conducted earlier in summer for both logistical reasons and the finding of previous studies of similar productivity during summer and fall [Shipe et al., 2002; Shipe and Brzezinski, 2001] . During each cruise, two surveys were conducted using towed vehicles and shipboard acoustic Doppler current profilers (ADCPs). Data from the towed vehicles are not shown here, but ADCP data from those surveys are. The cruise track for the towed vehicle surveys consisted of eight cross-channel transects denoted A through H beginning at Point Conception and ending near Ventura, CA (Figure 1b) . For most cruises, one survey was conducted at the beginning of the cruise and a second at the end of the cruise.
[10] Between the towed surveys, conductivity-temperaturedepth (CTD) casts to collect water samples for chemical and biological measurements were made at 25 stations (hereafter called the grid surveys) distributed along the survey track and also along a 7 station cross-channel transect that is monitored approximately monthly by the Plumes and Blooms (PnB) project (see www.icess.ucsb.edu/PnB/PnB. html and Figure 1b) . In this analysis only data from the PnB line collected during the 16 cruises were used; monthly data from the PnB project were not used. ADCP data were also collected during the grid surveys.
Water Sampling
[11] Water samples were collected using a CTD/rosette system equipped with 12 L Niskin bottles fitted with vinyl coated springs, a Sea-Bird Electronics 911 CTD, a Chelsea Aqua 3 fluorometer, a Wetlabs transmissometer, and a BioSpherical PAR sensor. Water samples for inorganic nutrient and chlorophyll a concentration analysis were collected at all 25 grid stations at depths of 0, 5, 10, 15, 25, 50 and 75 m and at the PnB stations at each of the seven light depths used for measuring profiles of primary productivity (see methods for productivity below). Samples for inorganic nutrient analyses were frozen in plastic scintillation vials and analyzed by the UCSB Marine Science Institute's Analytical Laboratory using flow injection techniques [Johnson et al., 1985] on a QuickChem 8000 analyzer (Lachat Instruments Division, Zellweger Analytics) as described in the work of Anderson et al. [2006] . Detection limits for nitrate, orthophosphate, and silicic acid were 0.1, 0.05 and 0.2 mM, respectively. For chlorophyll a analysis, 125-250 mL of seawater were filtered through Millipore HAWP 45 mm cellulose filters, which were immediately frozen at À20°C. Just prior to analysis the filters were extracted in 90% acetone for 24 h at À20°C. The fluorescence of each extract was measured with and without acidification to determine chlorophyll a concentrations on a Turner Designs 10AU digital fluorometer that had been calibrated with pure chlorophyll a (SIGMA Chemical). Analytical precision for the chlorophyll a determinations is better than 5%.
Primary Productivity Measurements
[12] Productivity was measured at 5 m at all grid stations and at 7 depths for all PnB stations on each cruise (except cruise 14 in fall 2005 when productivity was not measured) using 14 C-bicarbonate tracer according to the methods described by Anderson et al. [2006] . Briefly, two acidcleaned 250 mL polycarbonate bottles were filled with water from 5 m at each station. One bottle from each pair that had been wrapped in electrical tape served to measure dark $3 mM NaHCO 3 ). Sampling the grid took approximately 36 h so each sample pair was incubated for 24 h to provide each with a full diurnal light cycle. Light bottles were placed in a deck incubator screened to 50% of incident light with neutral density screens. Dark bottles placed in an opaque plastic incubator on deck. Surface seawater was circulated through all incubators to maintain temperature.
[13] Sampling for productivity measurements along the PnB transect began approximately an hour after dawn with all seven stations sampled before sunset so that light depths could be determined at each station using a photosynthetically active radiation (PAR) sensor mounted on the CTD/ rosette. Sampling depths at each station were chosen to correspond to 100, 54, 35, 16, 7, 3 .6 and 1.7% of the intensity of PAR just below the sea surface. Light depths on each profile were determined using extinction coefficients calculated from linear regressions of the log of light intensity versus depth. Changes in light intensity from clouds were detected using a mast-mounted PAR sensor. Subsurface PAR measurements influenced by clouds were not used in the regression analyses for the determination of light extinction coefficients. The samples were incubated and processed as described for the sampling grid except that neutral density screens were used to simulate the light levels at each collection depth. Incubations lasted 24 h to eliminate bias in the light exposure among incubated samples to daylight caused by sampling stations throughout the day.
[14] At the end of incubations total radioactivity in each sample was determined by adding 100 mL of incubated seawater to 100 mL of b-phenethylamine in a 7 mL glass scintillation vial followed by 5 mL of Ultima Gold XR scintillation cocktail. Each vial was shaken vigorously for 30 s and 14 C activity assayed aboard ship after bubbles had cleared and chemoluminescence had subsided ($2 h) using a Beckman 5801 liquid scintillation counter using an internal quench curve. The remaining volume of each sample was filtered through a 25 mm GF/F filter. Filters were placed in individual 20 mL glass scintillation vials and 0.25 mL of 0.5 N HCl pipette onto each filter in a fume hood to drive off excess tracer. Vials were left uncapped for a minimum of 7 h. Then 10 mL of Ultima Gold XR scintillation cocktail was added to each vial, the vials capped and shaken and the filters allowed to clear (2-3 weeks).
14 C activity was analyzed ashore by scintillation counting on a Beckman 6500 scintillation counter using an internal quench curve. Primary productivity rates, P, in both the light and dark incubations were calculated as:
where DPM P is the 14 C activity (disintegrations per minute) per liter in particulate matter, DPM Tot is the total 14 C activity per liter in the sample, [DIC] is the concentration of inorganic carbon in seawater (25 mg C L À1 ), 1.05 is a correction factor to account for the preferential uptake of 12 C over 14 C and t is the duration of the incubation ($24 h). Daily primary production (g C m À3 d À1 ) was calculated as the difference in productivity between light and dark bottles. Productivity-to-biomass ratio was calculated as the daily primary productivity (g C m
[15] Productivity measurements were not routinely replicated. Duplicate measurements made occasionally on each cruise generally agreed to within 10%. Integrated rates of productivity from the PnB stations were calculated using the trapezoidal method.
EOF Analysis of Productivity
[16] We used empirical orthogonal function (EOF) analysis as described by Emery and Thompson [2001] to identify dominant spatial and temporal patterns of 5 m productivity among cruises. In the procedure, measured 5 m productivity values p j (n) at each station j (out of M = 25 stations) on cruise n were normalized as,
where P j and s j are the mean and standard deviation at station j over N = 15 cruises for which productivity was measured. Changes in productivity were separated into modes as,
where a i (n) is the amplitude function of mode i for cruise n; 8 ij is spatial mode i at station j; summation is over all M modes. Spatial modes are orthogonal such that ∑ 
Current Measurements
[17] Currents at depth were measured with shipboard ADCPs operating at 150 and 300 kHz (ADCPs were manufactured by Teledyne RD Instruments, San Diego, CA). The depth range of current measurements extended from the first ADCP bin at 15-20 m depth to the deepest bin between 110 and 370 m depth depending on the ADCP frequency and configuration. Currents were consistently measured in the upper 120 m except during cruise 10 in May 2004 when no ADCP data were available. The ADCPs used bottom tracking in shallow water depths.
[18] Currents at the surface ($1 m depth) were measured using high-frequency (HF) radars located at Point Argello, Point Conception, Refugio, Coal Oil Point, Summerland, and the Mandalay Generating Station (Figure 1b) . Not all HF radars were operating during all cruises. Surface current vectors were derived from hourly radial currents measured by the HF radars and then interpolated onto a 2 km grid. Current vectors were averages over circles 3 km in radius from each grid point. Additional details on the HF radar network and its performance are given by Emery et al. [2004] .
Estimating Flow Rotation
[19] Flow rotation was quantified by relative vorticity as,
where x was positive eastward, y was positive northward, and U, V were velocity components positive eastward and northward, respectively. Estimates of z, DV/Dx and ÀDU/Dy were normalized for display by the Coriolis parameter f ( = 8.196 Â 10 À5 s À1 at 34.3°N) for comparison with Earth's rotation rate; positive values were counterclockwise (cyclonic). Patterns of surface currents from the HF radars showed that cyclonic eddies were present in the western SBC when DV/Dx and ÀDU/Dy were each both large and positive.
[20] Components of relative vorticity at depth z d , DU d /Dy and DV d /Dx, were estimated from the ADCP data. U d /Dy was computed as,
where U nC and U nD were the spatially averaged eastward components of velocity over the northern sections of lines C and D between 34.3 and 34.4°N (thick black bars on northern parts of lines C and D; see Figure 1b ) at 20-120 m depth. U sC and U sD were similarly averaged over the southern sections of lines C and D, but between 34.1 and 34.2°N (thick black bars on southern parts of lines C and D; see Figure 1b ). Dy 1 was the distance between the centers of the sections along the C and D lines (22.2 km). DV d /Dx was computed as,
where V B , V D , and V E were the spatially averaged northward components of velocity over the midsections of lines B, D, and E between 34.2 and 34.3°N (thick gray bars in central parts of lines B, D, and E; see Figure 1b ) and Figure 2 . Mean and seasonal distribution of (a-d) primary productivity, (e-h) chlorophyll a concentration, and (i-l) the productivity to biomass ratio. The magnitude of each parameter is proportional to the diameter of the circles as scaled by the labeled circle at bottom left.
between 20 and 120 m depth. Dx 1 was the distance between lines B and D along 34.26°(27.4 km) and Dx 2 was the distance between lines B and E along 34.26°(36.4 km). When data from multiple surveys were available for a cruise, multiple values of U nC , U sC, U nD, U sD , V E , and V B were averaged together and used in equations (5) and (6).
[21] Components of relative vorticity at the surface z s , DU s /Dy and DV s /Dx, were computed from the HF radars using grid points near the survey lines to be consistent with estimates from equations (5) and (6). DU s /Dy was computed as,
where U nCD was the eastward surface velocity averaged over grid points in the black rectangle at the north end of lines C and D in Figure 1b and U sCD was similar, but averaged over the black rectangle at the south end of lines C and D. Dy 2 was the distance between the centers of the black rectangles (22.7 km). DV s /Dx was computed as,
where V eB was the northward surface velocity averaged over the gray rectangle just east of the center of line B and V wE was similar, but averaged over the gray rectangle just west of line E. Dx 3 was the distance between the centers of the gray rectangles (25.7 km). Grid points in the gray rectangles were the closest to lines B and E with consistent HF radar data coverage during all cruises.
[22] Tidal currents were aliased into the velocities measured by the ADCPs but, as shown below, estimates DV d /Dx, DU d /Dy and DV s /Dx, DU s /Dy were consistent indicating tidal aliasing effects were not severe. Tidal current speeds measured by the HF radars in the study area were 0.1 m s À1 or less and were typically smaller than the ADCP velocity estimates used in equations (5) and (6).
Meteorological and Satellite Observations
[23] Wind velocity data were obtained from NOAA Data Buoy Center (NDBC) for buoys 46011, 46023, 46053, and 46054; Figures 1b and 5b show the locations of these buoys. Wind stress t was estimated using algorithms described by Smith [1988] . Following previous studies [e.g., Harms and Winant, 1998; Dorman and Winant, 2000; Cudaback et al., 2005; Melton et al., 2009] , winds were rotated into principal axis coordinates and we use the term "upwellingfavorable" to denote winds that blow equatorward along the principal axis directions at the buoys.
[24] Satellite ocean color images from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) were processed for chlorophyll using the algorithms of McClain et al. [2004] . Satellite sea surface temperature images were obtained from the Advanced Very High Resolution Radiometer (AVHRR) using the NOAA Comprehensive Large Array-Stewardship System (CLASS) and the Nonlinear Sea Surface Temperature (NLSST) algorithm [McClain et al., 1985 [McClain et al., , 2004 .
Results
Mean and Seasonal Productivity Patterns
[25] A summary of the physical, chemical and biological conditions averaged over the 25 grid surveys is presented in Table 1 . Seasonal changes in the average temperature and salinity in the upper 10 m reflected the annual pattern of stratification and upwelling in the SBC with relatively cool and fresh waters present during winter, colder more saline waters associated with upwelling present during spring, and waters of intermediate salinity and warmer, but more variable, temperature present during fall reflecting varying levels of stratification and surface warming (Table 1) . Seasonal averages of productivity, chlorophyll a, and nitrate followed the known annual cycle of productivity, phytoplankton biomass, and nutrient concentrations. Maxima in 5 m chlorophyll a concentration, integrated chlorophyll a concentration (to 75 m), and productivity occurred during spring when nitrate was most abundant, and lower biomass and productivity occurred during the fall and winter when nitrate was less abundant (see Table 1 and Figure 2) .
[26] Chlorophyll a concentrations and productivity measured at 5 m showed local maxima along line D during spring and fall (Figures 2b-2d and 2f-2h) . Mean productivity along line D during spring was 403 mg C m À3 d
À1
compared with a mean of 166 mg C m À3 d À1 during fall as expected on the basis of the annual pattern of upwellingfavorable winds. Productivity-to-biomass (PB) ratios did not show an enhancement over the Santa Barbara Basin on average or seasonally (Figures 2i-2l) . PB values were highest during fall (see Table 1 and Figures 2j-2l ) consistent with the known tendency of PB to increase in warmer waters and when nanoflagellates are more dominant, both of which are characteristic of the SBC during fall [Anderson et al., 2008] .
[27] Vertical profiles of productivity along the PnB transect allowed assessment of integrated productivity which was not possible for the grid stations where productivity was measured at 5 m only. Integrated productivity generally followed the spatial and seasonal pattern of integrated chlorophyll a ( Figure 3) ; consistent with this observation, 5 m productivity correlated strongly with 5 m chlorophyll during the grid surveys (r 2 = 0.87, p < 0.02, N = 15). Integrated chlorophyll a concentrations (to the 1.7% light depth) showed blooms of varying intensity and spatial extent occurring each spring (Figure 3, top) . The largest blooms were nearly contiguous across the SBC with integrated chlorophyll a concentrations between 200 and 300 mg chl a m À2 consistent in magnitude with the integrated chlorophyll values observed at the more widely distributed grid stations (Table 1 ). An exceptionally strong bloom was apparent during spring 2003 (cruise 7) when integrated productivity values up to 8.5 gC m À2 d À1 were measured at individual stations with an overall mean for the seven PnB stations of 5.8 gC m À2 d À1 (see Table 1 and Figure 3 , bottom). Smaller high-productivity events confined to the mainland (2002) or islands (2001, 2004) were also evident (Figure 3, bottom) Table 1 ).
Upwelling and Productivity
[28] The first three EOF modes explained 89% of the variance in 5 m productivity (Figures 4a-4c) . Mode 1 accounted for 64% of the variance in 5 m productivity. Values of 8 1j had the same sign at all stations (Figure 4a ) meaning that mode 1 described variations in productivity that changed in unison at all stations. The pattern of 8 1j (Figure 4a (Table 1) The highest values of integrated primary production on the PnB line were also measured on this cruise. Wind stresses were strongly upwelling favorable, with magnitudes exceeding 0.3 Pa at times, before and during cruise 7 (Figures 5b and 5c ). In contrast, the largest negative value of a 1 corresponded to cruise 12 (grid survey: 24-25 January 2005) when productivity was very low at all stations on the survey grid ( Figure 6a) ; 5 m productivity averaged only 47 mg C m À3 d À1 for the cruise. Wind stresses at NDBC buoys 46023 and 46053 were weak and variable before cruise 12 and were generally downwelling favorable during the cruise (Figures 6b and 6c) ; Wind stress data at 46054 data were not available during cruise 12.
[30] Two possible drivers for variability in a 1 were examined, wind stress and nutrient concentration. Despite the apparent connection between wind stress t and productivity suggested in Figures 5 and 6 , no consistent relationship was found between t and a 1 . This was examined by separately averaging t at NDBC buoys 46023, 46053, and 46054 over a wide range of time intervals before and during the grid surveys and computing the correlation r 2 between average t and a 1 over the 15 cruises when a 1 was available. No significant correlation (p < 0.05) with a 1 was found with any averaging interval for wind stress from any of the three buoys [31] We hypothesized that the lack of correlation between wind stress and a 1 resulted from upwelling of source waters with variable nutrient concentrations. We examined this hypothesis by comparing [NO 3 ] 5 m , near-surface temperature T 0-10 m , and a 1 for pairs of cruises with similar, upwelling-favorable wind stress. In doing so, we assumed that the variations in near-surface temperature and nitrate concentrations reflected variations in upwelled source waters. During spring cruise 7 and fall cruise 11, wind stress at buoy 46054 t 46054 was similar, but [NO 3 ] 5 m and a 1 during cruise 7 were much higher while T 0-10 m was much lower (Table 2 ). Higher [NO 3 ] 5 m and a 1 and lower T 0-10 m occurred during spring cruise 16 compared with spring cruise 1 even though t 46054 was higher (but weak) during cruise 1. During winter cruises 6 and 15, t 46054 was similar, but [NO 3 ] 5 m and a 1 were higher and T 0-10 m was lower during cruise 15. Cruise pairs with similar t 46023 and t 46053 (data not shown) also exhibited a wide range of [NO 3 ] 5 m , T 0-10 m , and a 1 .
[32] Other factors controlling the response of near-surface waters to upwelling-favorable wind stress, including mixed layer depth, buoyancy frequency N, and z /f, were comparable between cruise pairs (Table 2) . Exceptions were higher N in cruise 11 compared with cruise 7 and deeper mixed layers during cruise 1 compared with cruise 16 and during cruise 6 compared with cruise 15. 
Cyclonic Flow and Productivity
[33] Mode 2 explained 17% of the variance in productivity. The spatial pattern of 8 2j (Figure 4b ) shows that as a 2 varied, productivity on line D, at station 8 on line C, and at station 17 on line F, changed oppositely relative to the other stations. a 2 was near zero during fall and negative during spring (Figure 4d ) except for the largest a 2 values during fall cruise 5 (grid survey: 7-9 September 2002) and spring cruise 13 (grid survey: 25-27 April 2005).
[34] The large value of a 2 during cruise 5 with enhanced productivity on line D (Figure 8a ) was observed after (DV s /Dx) /f and (ÀDU s /Dy) /f had increased from around zero on 23 August to more than 0.2 on 7 September when measurements on line D were made (Figure 9a) . z s /f increased from around zero to more than 0.5 over this period, consistent with strengthening cyclonic flow. The pattern of surface currents averaged over 5-6 September illustrates the cyclonic flow (Figure 9b ). The simultaneous occurrence of high, localized productivity on line D and strong cyclonic flow suggests a relationship between the two.
[35] To examine this relationship, flow rotation was quantified at the surface by components DV s /Dx and ÀDU s /Dy for each cruise (Figure 10a ) and at depth by components DV d /Dx and ÀDU d /Dy (Figure 10b ). Components were generally lower for winter cruises compared with summer and fall cruises with points scattering widely about the regression lines. Components were positive for all cruises except during winter cruises 3 and 12 when DV s /Dx and DV d /Dx were negative. Over all cruises, ÀDU/Dy and DV/Dx were significantly correlated at the surface and at depth. Cyclonic flow was asymmetric in the sense that ÀDU/Dy > DV/Dx with all but a few points falling below the one-to-one lines in Figures 10a and 10b . This asymmetry is also indicated by the observation that alongshore flow speeds near the islands and mainland comprising ÀDU/Dy exceeded cross-channel flow speeds comprising DV/Dx (data not shown). Cyclonic flow was strongest during cruises 5, 7, 8, and 13 in the sense that these had the largest components simultaneously with (ÀDU/Dy)/f > 0.2 and (DV/Dx)/f > 0.05; these criteria were met at depth for cruise 14, but not at the surface.
[36] For cruises 5, 13, and 7 when cyclonic flow was strong, productivity was high on line D. Productivity at the other stations in the channel exhibited a progression from low levels during fall cruise 5 (Figure 8a) , to higher levels during spring cruise 13 (Figure 8b) , and much higher levels during spring cruise 7 (Figure 8c ). This progression is quantified by the increasing values of a 1 over cruises 5, 13, [37] During cruise 8 (grid survey: 11-13 October 2003), productivity was enhanced on the southern half of line D (Figure 11a ) and at stations 4, 5 and 9 when a cyclonic flow pattern was evident (Figure 11b ). Satellite surface chlorophyll and surface temperature distributions (Figures 11c  and 11d ) during ship-based productivity measurements on line D were consistent with advection of surface waters from south and west of Point Conception into the SBC by the cyclonic flow. Entrained waters with high chlorophyll and lower temperatures were clearly evident along the north sides of the San Miguel and Santa Rosa Islands and the western tip of Santa Cruz Island (Figures 11c and 11d ) consistent with the higher productivity on the southern portion of line D.
Alongshore Productivity Gradients
[38] Mode 3 accounted for 8% of the variance in productivity and described alongshore productivity gradients near the mainland coast (Figure 4c ). 8 3j at stations 9 and 14 near the mainland coast in the western channel had opposite signs compared with stations 20, 24, and 25 in the eastern channel. a 3 attained its highest positive value during cruise 4 (grid survey: 28-30 April 2002) when a large east-to-west productivity gradient occurred across stations 20, 24 and 25 and stations 9 and 14 (Figure 12a ). This gradient coincided with a developing bloom in the eastern channel (Figures 12b  and 12c ). The opposite trend with a strong west-to-east gradient occurred during cruise 7 (Figure 8c ) when a 3 attained its maximum negative value. a 3 was also negative during cruise 8 (Figure 11a ) corresponding to a gradient across stations 9, 14, 20, and 25. a 3 exceeded a 1 and a 2 in magnitude only during cruise 4 (Figure 4d ) so its contributions are difficult to see for other cruises.
[39] Although mode 3 described only a small fraction of the total productivity variance, it accounted for more variance at stations near the mainland. Six stations had >8% of their variance explained by mode 3: stations 9 (9%), 14 (13%), 20 (13%), 21(13%), 24 (46%) and 25 (25%). Except for station 21 all of these were located in <50 m water depth along the mainland coast (Figure 1b ) with stations 24 and 25 also being near the mouths of the Santa Clara and Ventura Rivers. Shelf width may also affect mode 3 since the along-channel gradient it describes spans the transition between the wide and narrow shelves along the SBC (Figure 1b) .
Discussion
[40] Our measurements of productivity confirm past observations that the SBC is a highly productive region in the Southern California Bight. Shipe and Brzezinski [2003] measured integrated primary production in the SBC during the onset of El Niño in 1997 at station 4 on the PnB transect to range from 0.72 to 1.9 g C m À2 d À1 , similar to the average value of 1.6 g C m À2 d À1 reported by Hardy [1993] . Our seasonal averages across the seven PnB stations are within the range of these past observations with values of 1.3, 3.3 and 1.4 g C m À2 d À1 during winter, spring and fall, respectively (Table 1) . Our spring maximum equals or exceeds values reported from other regions in the Southern California Bight [Eppley et al., 1979] . Maximum productivity occurred during spring 2003 when integrated productivity reached 8.5 g C m À2 d À1 at some stations on the PnB transect and 5 m productivity exceeded 1000 mg C m À3 d À1 at several stations on the grid survey.
[41] Previous studies in the SBC [e.g., Shipe and Brzezinski, 2003; Mantyla et al., 1995; McPhee-Shaw et al., 2007; Fram et al., 2008] have revealed a seasonal cycle in productivity driven by a seasonal cycle in nutrient concentrations in the upper ocean. These cycles were evident in our study by the contrast between channel-wide, high productivity and high near-surface nutrient concentrations in spring, such as during cruise 7 (see Figure 5 and Table 1) , and much lower productivity and lower near-surface nutrient concentrations in fall and winter, such as during winter cruise 12 (Figure 6 ). We conclude that near-surface nutrients resulted from upward transport of deeper source waters by wind-driven upwelling. The following observations support this conclusion:
[42] 1. Within each season, higher near-surface nitrate concentrations generally corresponded with lower nearsurface temperatures. Only during one cruise (cruise 9), when it rained heavily, were nutrient inputs from runoff a likely source.
[43] 2. During all but one cruise (cruise 12) wind stress at the buoys shown in Figures 5 and 6 was upwelling-favorable.
[44] Our observations indicate that when strongly upwelling-favorable wind stress occurs in fall and winter, the resulting upwelling usually delivers low nutrient concentrations to surface waters with consequent low productivity. In contrast, when strongly upwelling-favorable stress occurs in spring, upwelled source waters usually contain high nutrient concentrations and drive higher productivity. Therefore, wind stress alone is insufficient for predicting productivity across seasons in the SBC. It is the combination of upwelling-favorable wind stress and source waters with high nutrient concentrations that leads to high productivity. We interpret EOF mode 1 as representing nutrient delivery to near-surface waters by wind-driven coastal upwelling. These inputs drive the seasonal productivity cycle including the spring productivity maximum.
[45] Spatial patterns in productivity in the SBC resembled spatial patterns in the long-term chlorophyll climatology from satellite ocean color imagery [e.g., Halpern et al., 2006; Otero and Siegel, 2004] (see Figure 1a) . This is consistent with our observations showing that 5 m productivity and 5 m chlorophyll a concentrations averaged over the grid surveys were strongly correlated (Table 1 ; r 2 = 0.87, p < 0.02, N = 15). The maximum in satellite-derived chlorophyll concentration centered over the Santa Barbara Basin (Figure 1a ) was consistent with our measurements of mean productivity ( Figure 2a ) and mean chlorophyll a concentration (Figure 2e ). This maximum appeared in our grid (Figures 2c and 2g ) and fall (Figures 2d  and 2h) .
[46] The enhanced productivity and chlorophyll a concentration over the Santa Barbara Basin suggest stimulation of productivity by the cyclonic eddies frequently occurring there. Evidence for this is the simultaneous occurrence of enhanced productivity on line D during cruises 5 and 13 (Figures 8a and 8b) and high, positive values of DV/Dx and ÀDU/Dy (Figure 10 ). We interpret Figure 8 as showing eddy-enhanced productivity superimposed on progressively higher levels of channel-wide productivity caused by winddriven nutrient upwelling. The eddy enhancement as described by a 2 (Figure 4b ) was apparent when channel-wide productivity was weak (Figure 8a ) or moderate (Figure 8b ), but was obscured when channel-wide productivity was strong (Figure 8c ) even though DV/Dx and ÀDU/Dy were high (Figure 10 ).
[47] One mechanism for eddy enhancement of productivity is uplift of isopycnal surfaces with elevated nutrient concentrations into the euphotic zone during spin-up of cyclonic eddies [e.g., McGillicuddy et al., 2007 McGillicuddy et al., , 1998 Benitez-Nelson et al., 2007] . Uplift of isopycnal surfaces in the center cyclonic eddies in the western SBC has been reported by Nishimoto and Washburn [2002] . It was evident in our grid and towed surveys when cyclonic rotation was strong. For example, towed surveys during cruise 5 showed uplift of isopycnals of $30 m in the eddy along lines B, C, and D (data not shown). The increasing vorticity before and during the cruise (Figure 9a ) implies that isopycnal uplift was recent which would account for the high [NO 3 -] of 4-12 mM observed in the euphotic zone during cruise 5 along line D (data not shown) compared with much lower values over the rest of the channel (Table 1) .
[48] A second mechanism for eddy enhancement of productivity is convergence which would concentrate and retain phytoplankton cells within the flow. Beckenbach and observed convergence and inward radial flow in cyclonic eddies in the western SBC on the basis of HF radar-derived surface currents. More recently, Kim et al. [2011] reported surface convergence within cyclonic submesoscale eddies off San Diego, California also derived from HF radar observations. In both studies, however, scatter in convergence estimates was large. Numerical modeling studies [e.g., Capet et al., 2008a Capet et al., , 2008b indicate that convergence and strong vertical velocities are associated with frontal regions with short cross-frontal scales. These scales may be poorly resolved by the HF radars and the role of convergence in regulating productivity in cyclonic eddies remains uncertain.
[49] A third mechanism for eddy enhancement of productivity is advection of phytoplankton and nutrients into the western SBC from the upwelling center between Point Conception and Point Arguello. This apparently occurred during cruise 8 when a plume of cooler water with high chlorophyll extended southward from Point Conception and a band of high chlorophyll curved around the cyclonic flow north of Santa Cruz Island (Figure 11 ). Both DV/Dx and ÀDU/Dy were large and positive then ( Figure 10 ) and productivity was high at the southern stations on lines A and D (Figure 11a ). Average nitrate concentrations in the upper 15 m at these stations exceeded 2.8 mM compared with values less than 0.7 mM at other stations in the channel (data not shown). [50] The high productivity in the SBC resulting from wind-driven upwelling and eddy processes can stimulate spring blooms of toxic diatoms of the genus Pseudo-nitzschia [Anderson et al., 2006 [Anderson et al., , 2008 [Anderson et al., , 2009 . Bloom events during spring cruises in . The largest of these occurred during cruise 7 in 2003 and was dominated by Pseudo-nitzschia australis with high levels of domoic acid [Anderson et al., 2006] . Thus the same mechanisms that drive spatial patterns in productivity may also influence the intensity and distribution of harmful algal blooms in the SBC.
[51] Our results only partially resolve productivity patterns associated with the gradient in chlorophyll biomass along the eastern mainland coast (Figure 1a) . EOF mode 3 captured the alongshore gradient in productivity consistent with this enhanced biomass. This mode accounted for only a small fraction of total variance suggesting that mechanisms driving productivity along the eastern portion of the mainland coast are ephemeral and poorly sampled by our thrice yearly cruises. However, mode 3 explained up to 46% of productivity variance at the two stations nearest the mouths of the Santa Clara and Ventura Rivers. This may indicate some relationship of high productivity at these stations to the river mouths, although river discharge was negligible during each cruise except cruise 9. Other mechanisms that could drive this productivity include wave-driven suspension of previously deposited, nutrient-laden sediments and enhanced nutrient supply forced by internal tidal activity [Lucas et al., 2011] . Enhanced productivity in this area may also be related to the broader continental shelf in the eastern SBC or the proximity to the eastern entrance of the SBC where poleward flow from the greater Southern California Bight occurs frequently [Lynn and Simpson, 1987; Harms and Winant, 1998 ].
Conclusions
[52] Spatial distributions of productivity, currents, and water properties were measured during 16 oceanographic cruises in the SBC from 2001 to 2006. Our analysis reveals a strong coupling of patterns of productivity with wind-driven nutrient upwelling and cyclonic eddies. These processes cause productivity in the SBC to exceed values reported elsewhere in the Southern California Bight. The highest levels of productivity in the SBC occur in spring owing to nutrient input by coastal upwelling. Cyclonic eddies enhance productivity in the western SBC through retention of upwelled waters in the SBC or through eddy-induced isopycnal uplift or combinations of both mechanisms. Eddy processes are most apparent in fall when nutrient supply by wind-driven upwelling is low or absent. Enhanced productivity on the continental shelf in the eastern SBC was observed, but was not well resolved.
